Our objective was to determine whether oxidative damage of rhesus macaque sperm induced by reactive oxygen species (ROS) in vitro would affect embryo development following intracytoplasmic sperm injection (ICSI) of metaphase II (MII) oocytes. Fresh rhesus macaque spermatozoa were treated with ROS as follows: 1 mM xanthine and 0.1 U/ml xanthine oxidase (XXO) at 378C and 5% CO 2 in air for 2.25 h. Sperm were then assessed for motility, viability, and lipid peroxidation. Motile ROS-treated and control sperm were used for ICSI of MII oocytes. Embryo culture was evaluated for 3 days for development to the eight-cell stage. Embryos were fixed and stained for signs of cytoplasmic and nuclear abnormalities. Gene expression was analyzed by RNA-Seq in two-cell embryos from control and treated groups. Exposure of sperm to XXO resulted in increased lipid peroxidation and decreased sperm motility. ICSI of MII oocytes with motile sperm induced similar rates of fertilization and cleavage between treatments. Development to four-and eight-cell stage was significantly lower for embryos generated with ROS-treated sperm than for controls. All embryos produced from ROS-treated sperm demonstrated permanent embryonic arrest and varying degrees of degeneration and nuclear fragmentation, changes that are suggestive of prolonged senescence or apoptotic cell death. RNA-Seq analysis of twocell embryos showed changes in transcript abundance resulting from sperm treatment with ROS. Differentially expressed genes were enriched for processes associated with cytoskeletal organization, cell adhesion, and protein phosphorylation. ROSinduced damage to sperm adversely affects embryo development by contributing to mitotic arrest after ICSI of MII rhesus oocytes. Changes in transcript abundance in embryos destined for mitotic arrest is evident at the two-cell stage of development.
INTRODUCTION
Cryopreservation induces a severe osmotic insult to the cell that leads to generation of reactive oxygen species (ROS) including superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen [1] [2] [3] [4] . This process can be minimized but not eliminated by using cryopreservative agents. There is substantial evidence that sperm cryopreservation results in increased DNA damage, aneuploidy, and chromosome fragmentation as well as specific sublethal effects like chromatin cross-linking, base changes, and DNA strand breaks [5] [6] [7] [8] . A limited ability to store antioxidant enzymes combined with a membrane rich in unsaturated fatty acids makes spermatozoa particularly susceptible to oxidative stress and peroxidative attack by ROS, specifically superoxide anion and hydrogen peroxide [9] . Low to high levels of ROS have been associated with extensive sperm damage, including morphological defects [10] , lipid peroxidation and DNA fragmentation [11] , decreased ability of the acrosome to react or fuse with the oocyte [12] , and compromised pregnancy after in vitro fertilization [13, 14] . There is clinical evidence that damage to sperm DNA impairs both embryo development and pregnancy in mice and humans [15] [16] [17] [18] . High levels of ROS have been associated with sperm DNA damage in the semen of 25% of infertile men [19] and recent evidence indicates that partners of men with high DNA fragmentation indices have significantly higher rates of spontaneous abortion [20] . An increase in abnormal sperm morphology is correlated with higher seminal ROS levels [21] [22] [23] than morphologically normal sperm. High concentrations of leukocytes seen with infections such as epididymitis and chronic prostatitis are known to increase ROS levels in semen [24, 25] and contribute to infertility. Although cryopreservation of ejaculated sperm has been in clinical and agricultural use for decades, it remains unclear how sperm damage as a result of cryopreservation contributes to embryonic or fetal loss.
Embryo development is characterized by cell division accompanied by a number of distinct biological processes that are controlled by genes that are activated differentially at varying stages of development [26, 27] . Following fertilization, the embryonic genome activates during the first days postfertilization as cell division progresses. Most mRNA is supplied by the oocyte and then augmented and replaced by mRNA from stage-specific and species-specific embryonic genome activation (EGA). In human embryos, paternal transcripts are first observed at the three-to four-cell stage and protein synthesis linked to transcriptional activation is evident around the four-to eight-cell stage [28, 29] . Rhesus EGA reportedly occurs around the six-to eight-cell cleavage stage [30, 31] . In the bovine eight-cell embryo, it was reported that 258 genes were upregulated as compared to metaphase II (MII) bovine oocytes [32] . These authors also noted that in vitro-produced embryos are known to have different mRNA expression patterns compared to in vivo-derived cohorts, probably reflecting the sensitivity of EGA to culture conditions. Events that occur during the preimplantation embryo phase are highly likely to be essential for later development of the conceptus and placenta. It has been estimated that fewer than 50% of all in vitro-fertilized embryos reach the blastocyst stage of development because of suboptimal environment during culture with subsequent pregnancy rates of 26%-30% [33, 34] . Further, 50%-80% of human embryos in the first two cleavages have been reported to carry abnormal chromosome numbers demonstrating aneuploidy [35] . Human aneuploidies have been associated with oocyte aging; however, male-factor infertility has been associated with women of a variety of ages. The role of direct sperm effects on EGA has not been reported for any species.
Our laboratory has demonstrated that cryopreserved rhesus sperm undergoes oxidative stress resulting in increased levels of lipid peroxidation, decreased motility, and cytoskeletal rearrangement in response to cryopreservation [36] [37] [38] . We hypothesize that a primary mechanism for embryo mortality may be cryopreservation-induced oxidative stress in fertilization-capable sperm. In an effort to further understand how sperm can contribute to embryonic loss, we microinjected live motile sperm that had been experimentally exposed to ROS as a model for cryopreservation-induced damage in order to determine the downstream effects on embryo development.
MATERIALS AND METHODS

Reagents/Chemicals
The fluorochromes C 11 -BODIPY (4,4-difluro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid) and propidium iodide (PI) were obtained from Invitrogen. Chemicals were obtained from Sigma Chemical Co. unless otherwise stated.
Experimental Design Experiment 1. Ejaculated sperm from four rhesus males were incubated for 135 min, during which ROS were induced by xanthine-xanthine oxidase (XXO) exposure or control vehicle only. Mature (MII) oocytes (n ¼ 96) from four superovulated rhesus females were randomly assigned to be injected by sperm exposed to control (n ¼ 53) or XXO (n ¼ 43) treatment and sperm were selected for intracytoplasmic sperm injection (ICSI). Embryos were then incubated and visually assessed at 12-h intervals for quality and stage of development.
Experiment 2. Treatments were as described for Experiment 1; however, control embryos were harvested at first detection of two-, four-, and eight-cell stages for fluorescence labeling of nuclear integrity and mitotic spindle and tubulin network assessment (n ¼ 13). In addition, seven control embryos and four XXO-treated embryos at the four-cell stage were harvested for RNA-Seq analysis. Embryos from the XXO treatment group that were arrested at the twoor four-cell stage were harvested (n ¼ 17) after control embryos progressed and when it was evident they were not undergoing cell division to the subsequent stage.
Sperm Preparation
Animals were housed at California National Primate Research Center and maintained according to Institutional Animal Care and Use Committee protocols at the University of California. All guidelines suggested by Biology of Reproduction were followed for the highest possible standards for the humane care and use of animals in research. Semen samples were obtained by electroejaculation from four male rhesus macaques (Macaca mulatta) as previously described [39] . Semen samples were collected directly into 50-ml centrifuge tubes containing 5 ml of HEPES-Biggers, Whitten, and Whittingham (BWW) media. Following semen collection, the coagulum was removed and samples were centrifuged down to a pellet for 8 min. The pellet was diluted in 5 ml HEPES-BWW containing 1 mg/ml polyvinylalcohol (PVA) and motility and forward progression recorded. Two and a half milliliters of diluted semen was layered over 3 ml of 80% buffered Percoll and centrifuged at 300 3 g for 25 min as previously described [40, 41] . Following centrifugation, the supernatant was removed, the pellet was washed twice in HEPES-BWW with 1 mg/ml PVA (300 3 g, 5 min), and spermatozoa were resuspended in BWW with 1 mg/ml PVA to a final concentration of 25 3 10 6 /ml in 500-ll aliquots.
Induction of ROS in Sperm
An XXO ROS-producing system was used to induce ROS production in rhesus monkey sperm as previously reported [36, 42, 43] . The XXO system primarily results in generation of superoxide anion and hydrogen peroxide. Sperm at a concentration of 25 3 10 6 /ml were incubated for 135 min (T 135 ) with or without 1 mM xanthine and 1 mM xanthine oxidase at 378C, 5% CO 2 in air. Sperm motility was evaluated at 0 (T 0 ) and 135 min (T 135 ), and sperm were processed for determination of viability and lipid peroxidation. The lipid peroxidase promoters ferrous sulfate (1 lM) and sodium ascorbate (5 lM) were added to both treatments. Sperm were washed in BWW and centrifuged for 3 min at 300 3 g. Sperm selected for ICSI were further diluted with BWW containing 1 mg/ml PVA to a final sperm concentration of 4 3 10 6 /ml.
Motility
Sperm total and progressive motility were evaluated by means of computerassisted sperm analysis (CASA) with HTM Ceros, version 14 (Hamilton Thorne Biosciences, Inc.). At least 200 cells in a minimum of four fields were evaluated for each treatment. The following instrument settings were used for CASA analysis for rhesus sperm: frame rate, 60 Hz; frames acquired, 30; minimum contrast, 80; minimum cell size, four pixels; static average path velocity (VAP) cutoff, 20 l/sec; static straight-line (rectilinear) velocity (VSL) cutoff, 10 l/sec; progressive VAP threshold, 25 l/sec; progressive straightness (STR) threshold, 80%; static intensity limits, 0.6-1.4; static size limits, 0.6-2.31; and static elongation limits, 0-80. Because ROS-treated sperm lost significant motility after treatment, we also analyzed posttreatment motility using manual motility and forward progression assessment [44] . A 10-ll drop of sperm suspension was placed on a slide and a coverslip placed over it. A minimum of 200 sperm were counted per slide and triplicate aliquots were counted for total and forward progression.
Detection of Sperm Lipid Peroxidation
The fluorescence lipid probe C 11 -BODIPY was used to assess lipid peroxidation as previously reported [36] . When C 11 -BODIPY becomes incorporated into the sperm membrane, it fluoresces red until lipid radicals peroxidize the membrane, at which time the probe undergoes an emission shift to green (red, nonperoxidized; green, peroxidized). Spermatozoa were incubated in 1 lM C 11 -BODIPY for 30 min at room temperature to load the probe into the cell membranes prior to treatment. Spermatozoa were then washed two times at 300 3 g for 5 min to remove excess probe and resuspended to 25 3 10 6 sperm/ml in their respective treatments in the presence or absence of the lipid peroxidation promoters ferrous sulfate (1 lM) and sodium ascorbate (5 lM). Because nonviable cells may undergo lipid peroxidation, the vitality probe PI (final concentration 12 lM) was added during the last 5 min of treatment incubation so that nonviable lipid-peroxidized cells could be distinguished from live lipid-peroxidized cells using the flow cytometer. Viability was determined by the percentage of PI-negative cells. Spermatozoa were then diluted to 1 3 10 6 sperm/ml and analyzed by flow cytometry. Flow cytometry was performed using a FACScan cytometer (Becton-Dickinson) equipped with a 488-nm excitation laser and data were analyzed using CellQuest software (Becton-Dickinson). PI and C 11 -BODIPY fluorescence was measured using 585/42 and 581/591 (excitation/emission) band-pass filters, respectively. Adjustments were made to address and eliminate fluorochrome spectral overlap so that each cell population was seen as distinct. In order to limit the evaluation of C 11 -BODIPY fluorescence to viable spermatozoa, only the subpopulation outside of PI-positive cells was included in the evaluation. A total of 10 000 gated events were analyzed per sample.
Superovulation, Oocyte Collection, and ICSI
Females with a history of regular menstrual cycles scheduled for necropsy were selected as oocyte donors for superovulation and oocyte collection. necropsy, follicles of the excised ovaries were punctured using a 1.5-inch, 20-gauge needle attached to mild vacuum pressure into 15-ml sterile tissue culture tubes of Tyrode albumin lactate pyruvate medium buffered with HEPES at 378C and immediately transported to the laboratory for recovery of oocytes at 378C. Embryos were produced by ICSI of MII oocytes as described previously [45] [46] [47] using XXO-treated and control sperm. Only visibly motile sperm observed as having slow-beating tails were chosen for injection for the XXOtreated sperm. Motile sperm with progressive motility were chosen for injection from the control sperm sample. Injected oocytes were cultured in 25-ll drops of HECM-9 [48] under oil (Ovoil; VitroLife) and cultured at 378C in 6% CO 2 , 5% O 2 , and 89% N 2 .
Embryo Evaluation
Fertilization was determined by visualization of two pronuclei (PN) and extrusion of a second polar body in injected oocytes at 16 h post-ICSI. Zygotes were individually cultured in HECM-9 up to the eight-cell stage. Embryos were cultured individually and observed daily for normal cleavage rates and graded for observation by degree of blastomere fragmentation and asymmetry. Embryos were graded as follows: grade A, less than 10% visible fragmentation and symmetrical blastomeres; grade B, 10%-25% visible fragmentation and symmetrical blastomeres; grade C, greater than 25% fragmentation with asymmetrical blastomeres; and grade D, greater than 50% fragmentation and asymmetrical blastomeres; data not shown [49, 50] .
Fluorescence Labeling of Embryos
Embryos were fixed in a 2% paraformaldehyde PIPES buffer with 0.5% Triton X-100 and incubated for 30 min at 378C. The embryos were washed twice in 0.5 ml of blocking solution (PBS with 5% bovine serum albumin, 0.5% fetal bovine serum, 62.4 lM glycine, and 0.01% Triton X-100) and transferred to 0.5 ml of blocking solution and incubated for 1 h. Embryos were then incubated individually in 10-ll drops with monoclonal anti-a-tubulin-FITC antibody produced in mouse (F2168; Sigma) diluted in Dulbecco PBS (1:100), with 0.3 ml of mineral oil covering the drops at 378C for 1 h. After two washes in 0.5 ml blocking solution, embryos were incubated for 10 min in 0.4 ml of 10 lM of Hoescht 3342. After staining, embryos were then mounted on a slide with 13 ll of Prolong Gold antifade reagent (P36930; Invitrogen) and a coverslip was gently placed to cover the embryo. The Prolong was allowed to cure overnight at room temperature before embryos were imaged.
Embryos were imaged at 403 magnification using a Zeiss fluorescence microscope (AxioImager AX10) equipped with an X-Cite Series 120 lamp and motor-driven stage for z-series sequences. Zeiss AxioVision (Release 4.7.1; Carl Zeiss, Inc.) software was used for multichannel and z-series photos.
RNA Sequencing
Embryos at the two-cell stage from control (n ¼ 7) and XXO treatment (n ¼ 4) were placed in Extraction Buffer (Arcturus PicoPure RNA Isolation kit; Invitrogen), snap frozen in LN2, and stored at À808C until RNA isolation. RNA from two embryos in each treatment was isolated using the Arcturus Picopure RNA isolation kit including DNAse treatment as indicated by the manufacturer. The RNA was eluted in a total of 7 ll of water. Two microliters was used to corroborate RNA quantity and quality on an Experion high-sensitivity RNA chip (Bio-Rad). Then, 400 pg of total RNA was converted to cDNA and the cDNA amplified by a SPIA approach using the Ovation RNA-Seq kit from Nugen [51] . Finally, the amplified cDNA was used to generate a sequencing library using the Encore NGS Library preparation kit (Nugen). The library was submitted to the UC Davis Genome Center for quality control, quantification, and sequencing by a single 40-bp run in the Illumina Genome Analyzer IIx. Bioinformatic analysis was performed using CLC Genomics Workbench (CLC bio). High-quality reads were mapped to the annotated M. mulatta genome sequence with annotation using the RNA-Seq algorithm from CLC Genomics Workbench. Reference sequences were obtained from ENSEMBL. Statistical analysis of gene expression levels was performed using DESeq with total exon read counts as input data [52] . Gene ontology functional annotation was performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) [53, 54] .
Statistical Analysis
Comparisons of sperm lipid peroxidation and viability were performed using one-way ANOVA techniques with Minitab statistical software (Minitab Inc.). Data are expressed as the mean 6 SEM. Embryo data for the number of four-cell embryos that cleaved to the eight-cell stage was analyzed using logistic regression analysis (SAS).
RESULTS
Sperm Characteristics after ROS Treatment
The percentages of motile sperm, viable sperm, and sperm with high levels of lipid peroxidation were determined at the end of the 135-min incubation period (T 135 ). Initial total and progressive motility for the control and XXO sperm (Fig. 1A) were not different between groups (P . 0.05). The mean percentages of total and progressive motility differed at T 135 for control and XXO sperm. Motility assessment revealed that the majority of sperm were weakly motile (64% total motility) after XXO treatment and demonstrated poor progressive motility (Fig. 1, A and B) . Analysis of individual sperm tracks revealed that all motility parameters were diminished in XXOtreated sperm (Fig. 1B) . Overall, these results suggest that XXO treatment reduces sperm motility, with specific impact on progressive motility. The mean percentage of viable sperm (Fig. 2) in the control and XXO groups were 92.2% 6 2% and 93.8% 6 1%, respectively (P . 0.05), indicating that sperm with poor motility retained membrane integrity and cell viability. The percentages of viable sperm and sperm with OXIDATIVE DAMAGE TO SPERM AND EMBRYO ARREST high levels of lipid peroxidation were determined at T 135 and the mean percentages of high-lipid-peroxidation sperm in the control and XXO group were different at T 135 (P , 0.05). In the control group, less than 5% of sperm demonstrated any lipid peroxidation, whereas the majority of sperm in the XXO treatment group displayed high levels of membrane lipid peroxidation.
Development and Morphological Characteristics of Embryos Produced with ROS-Treated Sperm
ICSI was performed using XXO-treated motile rhesus sperm and MII oocytes obtained from superovulated rhesus females. MII oocytes were randomly injected with control or XXOtreated sperm (Table 1 and Fig. 3 ). The outcomes of fertilization, cleavage on Day 2, number of four-cell embryos on Day 2, and number of eight-cell embryos developed by Day 3 were compared between treatment and control groups through Day 3 of development. The percentage of oocytes fertilized (two PN) and total number of cleaved embryos were not significantly different between sperm treatment groups (P . 0.05; Table 1 ). Control embryos exhibited two PN when assessed at 16 h post-ICSI (83% 6 1%), cleavage to two-cell embryos by 24 h post-ICSI (86% 6 1%), four cells by Day 2 Figure 4 , and arrested and fragmented two-to four-cell embryos are displayed in Figure 5 . All XXO sperm-treated embryos demonstrated permanent embryonic arrest or varying degrees of degeneration and cytoplasmic and nuclear fragmentation. Exposure of sperm to XXO treatment for 135 min prior to ICSI fertilization resulted in only 1 of 43 embryos developing beyond the four-cell stage, although pronuclear and two-cell stages occurred at the same time points as that of control embryos (Fig. 5) .
The percentage of four-cell embryos on Day 2 was 79.0% for controls and 48.0% for the treatment group. The percentage of eight-cell embryos on Day 3 was significantly different between groups with 80.0% for controls and 8.3% for treatment embryos (P , 0.0001). These data indicate that exposing sperm to high levels of oxidative stress results in embryos arresting before the eight-cell stage. A control eight-cell embryo is displayed in Figure 6 after fixation and labeling with a-tubulin and DAPI. In this representative embryo, all blastomeres are equivalent and uniform in size and shape, and the nuclei are similarly homogeneous in size and shape. The majority of XXO sperm-treated embryos also exhibited asymmetrical and multinucleated blastomeres, beginning with arrested two-cell embryos and continuing through successive cleavages. Some embryos had multinucleated blastomeres visible from the two-cell to four-cell stage. However, embryos in the treatment group were mainly graded as grades C and D (data not shown), indicating severe fragmentation and asymmetry. Embryos in the control group were mainly graded as grades A and B. Fluorescence labeling of embryos demonstrated that nuclear fragments, which have been termed micronuclei, contain DNA (Figs. 6-8 ). Figure 6 demonstrates fluorescence labeling of an eight-cell embryo from the control sperm group, and uniform blastomere shape and size, intact and well-defined nuclei, and uniform distribution of a-tubulin microfilaments are observed. In Figure 7 , brightfield and fluorescence-labeled four-cell embryos that were fertilized with XXO-treated sperm are shown that were fixed during mitotic arrest. These embryos typically demonstrated cellular fragmentation of blastomeres and we frequently observed nuclei with substantial fragmentation (arrow, Fig. 7d ) in addition to the small cellular fragments containing DNA. Occasional abnormal mitotic spindles were observed, and Figure 8a demonstrates a mitotic figure with numerous DNA seeding points, likely from fragmented nuclear material. The large arrow depicts fragmenting DNA associated with a polar body. 
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Figure 8b depicts a four-cell embryo with normal distribution of cytoplasmic a-tubulin but with substantial nuclear fragmentation of all blastomeres present.
Transcriptome Analysis of Two-Cell Embryos Produced with ROS-Treated Sperm
Transcript abundance in two-cell embryos produced from treated and control sperm was determined using RNA-Seq. Analysis of the RNA isolated from two groups of two-cell embryos by microfluidic chip electrophoresis (Experion; BioRad) indicated an average yield of 293 pg of total RNA per embryo. Sequencing of the resultant libraries on the Illumina GAIIx platform generated a total of 74 357 197 reads that passed quality testing. Of those, 42 547 586 reads (57%) mapped to currently annotated rhesus monkey genes, and these were used to calculate the level of expression per individual transcript. A total of 8998 genes were detected as present in both samples (reads per kilobase per million . 0.3) and the correlation of reads per kilobase per million values between them was high (r ¼ 0.987), indicating high similarity in global gene expression levels. Oocyte-specific genes like FIGLA, DAZL, ZP1, ZP2, MOS, NPM2, ZAR1, and H1FOO were among the expressed genes, indicating the maternal origin of transcripts at the two-cell embryo stage. Differential expression analysis was performed using DESeq, which allows for comparison of unreplicated treatments based on a negative binomial distribution, and found that there were 40 genes differentially expressed (adjusted P , 0.05) between treated and control samples (Supplemental Table S1 , available online at www.biolreprod.org). Among differentially expressed genes, 24 and 16 were upregulated and downregulated in treated versus control embryos, respectively. Transcripts that decreased in abundance included genes related to actin cytoskeleton organization (RND3, CALD1, and FLNB) and cell junction assembly and organization (GJA1, FN1, RND3, CDH18, PCDHB4, FN1). Among upregulated genes, the only enriched biological function was related to protein amino acid phosphorylation (STK35, PDGFRA, NEK11; Table 2 ).
DISCUSSION
Our data provide compelling evidence that sperm subjected to high levels of oxidative stress negatively influence the developmental potential of the embryos they fertilize. The sperm we selected for ICSI in this study are not unlike those selected for clinical ICSI programs in couples with male factor infertility with regard to oxidative stress, motility, and viability characteristics. Possible mechanisms for sperm damage to impact embryo development include DNA damage to sperm; lipid peroxidation of plasma, mitochondrial, or organelle membranes; and oxidative centrosomal damage. There is also the possibility that highly oxidized sperm passively carry ROS into the egg cytoplasm at the time of sperm injection. This is not likely because injected sperm are washed extensively prior to injection. Several studies have demonstrated that sperm damage, particularly to DNA, may have adverse effects on embryo developmental and pregnancy rates [15, 49, 55, 56] . Mitotic arrest and blastomere fragmentation of our treatment group embryos correspond to reports of fragmented human embryos with aneuploidies [35, 57] and apoptosis correlated with poor embryo quality [49, 58] . Culture of embryos at atmospheric oxygen tension has been associated with increased ROS production and impaired development [59, 60] . Early cleavage divisions may be delayed, indicating a detrimental mitotic influence from ROS that later could be associated with fetal wastage and decreased fetal weight [61] . Interestingly, oxygen consumption in bovine zygotes was demonstrated to be elevated near the time of fertilization and the first cleavage division, which suggests a physiological role for ROS during preimplantation embryo development [62] . These results OXIDATIVE DAMAGE TO SPERM AND EMBRYO ARREST suggest a particular sensitivity to ROS in the oocyte and very early developing embryo.
The concentrations of xanthine and xanthine oxidase used in this study were used by previous studies in which motile, albeit weakly, and viable spermatozoa were generated [36] . Treatment of sperm using these concentrations elicited a demonstrable embryonic effect when embryos were produced with ICSI. The treatment group embryos produced in this study exhibited severe fragmentation, multinucleation, and cell arrest well before the eight-cell stage but predominantly at the fourcell stage. Few embryos of normal morphology were observed in the treatment group beyond the two-cell stage. Aneuploid human embryos display both blastomere and nuclear fragmentation and present micronuclei [35] . In our study, embryo arrest appears to be at the two-to four-cell stage because two-celled embryos appear to have largely normal blastomeres, although low-grade blastomere cytoplasmic and nuclear fragmentation was observed.
Because of the decrease in progressive motility in our sperm following treatment, we chose to use ICSI to fertilize oocytes and produce embryos rather than in vitro fertilization. Interestingly, we found that fertilization, pronuclear formation, and first cleavage were high in the ROS-treated sperm group and not significantly different from those of controls.
Kodama and coworkers [63] observed an increase in fertilization (30%-50%) with IVF in the mouse when sperm were treated with small concentrations of Fe 2þ /ascorbate, which are components of our ROS generating system. Their hypothesis was that the sperm membrane was modified by lipid peroxidation, rendering increased sperm fertilizing capability. However, in a bovine IVF model, a 50% decrease in fertilization was seen after sperm were exposed to high levels of ROS [64, 65] . This could indicate a species-specific difference in effect. The high rate of fertilization in our ROS treatment group (76.7%) could be representative despite lipid peroxidative damage to the sperm membrane, because the membrane must be broken to ensure fertilization with ICSI [66] . 6 . Fluorescence staining of a typical eight-cell rhesus embryo from control sperm treatment group stained for a-tubulin (monoclonal anti-atubulin-FITC antibody) and Hoechst 3342 nuclear stain. Note uniform blastomere shape and size, intact and well-defined nuclei, and uniform distribution of a-tubulin microfilaments. Embryos were imaged at 340 magnification using a Zeiss fluorescence microscope (AxioImager, AX10) equipped with an X-Cite Series 120 lamp and motor-driven stage for zseries sequences. Zeiss AxioVision software was used for multichannel and z-series photos. Original magnification 3400.
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OXIDATIVE DAMAGE TO SPERM AND EMBRYO ARREST
Sperm DNA fragmentation is associated with embryonic arrest, apoptosis, cell death, and aneuploidy resulting in low implantation and low pregnancy rates in humans [35, 56, 67, 68] . In this study, we did not assess sperm for DNA fragmentation, although other studies have demonstrated that cryopreservation and associated oxidative damage usually results in DNA fragmentation damage [6, 7] . However, embryos resulting from XXO-treated sperm did complete pronuclear development and the first two to three cleavages. This observation is similar to that seen in the bovine model when sperm damage was induced with low levels of radiation. Fatehi and coworkers [69] demonstrated that the bovine paternal genome may not be involved in the first two cleavages, but could block cleavage and development to the blastocyst stage by inducing apoptosis. Sperm DNA damage in this case, did not appear to influence bovine fertilization or the first two to three cleavages, but embryos at the four-to eightcell stage were affected when embryonic gene transcription was activated [69] . In contrast, it has been shown that murine sperm DNA fragmentation can persist into the embryo at first cleavage and that not all fragmented DNA is repaired [70] . It is unclear whether the embryo fragmentation and embryonic arrest seen in our study is the result of sperm DNA damage. However, sperm in our study were incubated only for approximately 2 h with the XXO system, rather than overnight as in other studies, and it is possible that ROS-treated sperm did not have time to induce DNA damage. We did not examine the embryos for apoptosis but did observe abnormal spindles and nuclear fragmentation by staining embryos with a-tubulin and DAPI.
Any role of the paternal genome on subsequent embryo development is poorly understood. However, the role of sperm in activating mature oocytes and providing the zygote's centriole in nonrodent species is well known [71, 72] . The sperm centrosome has a very important role in the first mitotic cleavage and damaged or abnormal centrosomes can lead to failure of the first cleavage. Unlike the well-characterized murine fertilization system, in cattle, humans, and primates the embryonic centrosome is inherited from the sperm and thus microtubule organization after fertilization is solely the responsibility of the fertilizing sperm [72] . The centriole is an integral part of centrosomes that are in turn responsible for organizing the sperm aster and mitotic spindles in a network of microtubules. Sperm aster formation is required for pronuclear migration and union of male and female PN. Correct spindle formation allows for the correct segregation of chromosomes during mitosis. Damaged centrosomes can result in abnormal sperm asters and abnormal spindles, leading to malsegregation of chromosome and mitotic failures [72, 73] . Altered spindle conformation leads to aneuploidy and embryonic arrest in the rhesus macaque [74] . Interestingly, in our study, rhesus sperm were predominantly labeled with C 11 -BODIPY in the midpiece area, demonstrating significant lipid peroxidation. This is also the cellular region where the centrosome and mitochondria are located. Mitochondria and microtubules are directly involved in flagellar movement. High degrees of damage of lipid membrane peroxidation affect motility, but the exact mechanism remains unclear. It is tempting to speculate that oxidative damage to the centrosome specifically could carry over to result in abnormal cell divisions after the initial cleavage event.
Cytoplasmic fragmentation is commonly seen in all stages of human embryos produced by assisted reproductive techniques and is characterized as a morphological marker correlated to apoptosis and cell necrosis [58] , abnormalities of polarity [75] , aneuploidy [49, 58] , and mitotic defects [35, 57] . The cause of fragmentation in human embryos is unknown. Embryos with severe and persistent fragmentation are less likely to be viable, and severe fragments observed at the one-to two-cell stage are fatal [75] , whereas small amounts of fragmentation do not correlate with negative outcomes [76] . The common practice of assigning grades to embryos is based largely on blastomere fragmentation, and poor embryo grades are strongly associated with lowered implantation and pregnancy rates. In this study, fragmentation began at the first cleavage and blastomere formation was asymmetrical beginning with first cleavage similarly to that seen in human embryos [77] .
The appearance of apoptotic markers and apoptotic morphological characteristics increases at the time of embryonic genomic activation and appear at the eight-cell stage rather than earlier cleavage stages in human embryos [78] [79] [80] . Apoptosis is characterized by the presence of nuclear fragmentation, cytoplasmic fragmentation, and DNA fragmentation and is associated with embryonic arrest and cell death. Although there is a strong correlation between apoptosis and fragmentation the mechanism(s) involved that link them together have not been clearly established in very early cleavage-stage embryos [33] . If the early embryo is undergoing apoptosis, it is the maternal transcription most likely driving the apoptosis, because paternal DNA is not transcriptionally active prior to EGA [80] . Some of the embryos in this study have severe fragmentation starting as early as the first cleavage. Therefore it is possible that in our experiment fragmentation, cell arrest, and possibly premature induction of apoptosis are being induced by injecting oxidatively stressed sperm. Apoptosis is not usually associated with early embryonic demise but this possibility cannot be ruled out [33, 49, 78] .
Multinucleated blastomeres were also observed at Day 2 in our study. Multinucleation arises from unevenly cleaved embryos [67] and is associated with decreased implantation rates [81] [82] [83] [84] , increased chromosome abnormalities [67, 85, 86] , and spontaneous abortion [87] . This is thought to occur because of problems in cytokinesis that can result in aneuploidy and disorganized embryos in humans [72, 88] .
Interestingly, although the two-cell embryos appeared morphologically normal prior to arrest, the RNA-Seq analysis identified transcript abundance differences between treated and control groups. EGA in the rhesus macaque occurs at the six-to eight-cell stage [89] . Therefore, although some levels of active transcription cannot be discarded, differences in gene expression between treated and control two-cell embryos are likely to arise from changes in maternal RNA stability, translation, or degradation. For instance, an increase in transcript abundance in the embryos produced using ROS-treated sperm could be interpreted as a decrease in protein synthesis, leading to lower * Genes differentially expressed (adjusted P , 0.05) between two-cell embryos produced with control and ROS-treated sperm based on RNAseq data were evaluated for Gene Ontology Biological Process overrepresentation using DAVID.
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mRNA degradation and accumulation of those transcripts. Also, decreased mRNA abundance could be interpreted as a higher demand for that gene's protein product, resulting in increased protein production and decreased mRNA abundance. In this study, only 40 genes were differentially expressed between treatments, which is a small number taking into consideration that almost 9000 genes were detected in these embryos. One has to consider that only one sample pool was analyzed for each condition, which is known to limit the experimental power to detect statistical differences; therefore, the current results should not be considered an exhaustive list of affected transcripts. Nevertheless, these data provide evidence that changes in mRNA abundance can be observed in cleavage stage embryos when ROS-treated sperm is used for fertilizing MII oocytes. Among genes downregulated in treated embryos, there were several involved in cytoskeletal function and cell-cell communication, such as GJA1, FN1, RND3, CDH18, PCDHB4, and FN1. This result may explain some of the morphological abnormalities later observed in these embryos, which could respond to higher demands for cytoskeletal proteins required to accommodate an oxidatively damaged sperm. GJA1 (also known as connexin 43) was 46-fold lower in treated as compared to control embryos. In mice, GJA1 depletion in the oocyte leads to abnormalities in early embryo development [90] . Interestingly, the Rho family GTPase3 (RND3), a gene altered in our study, has been reportedly affected by embryo cryopreservation in mice [91] and rabbits [92] . Because cryopreservation also induces ROS damage, it is possible that similar mechanisms lead to alterations in gene expression induced by sperm and embryo oxidative stress. Among other genes downregulated in the treated embryos was CTCF, a zinc finger transcription factor, which was almost depleted in the treated embryos. In mice, reduction of CTCF transcript levels in oocytes and preimplantation embryos leads to altered EGA, mitotic defects, and embryo death by apoptosis [93, 94] , changes similar to what was observed in this study. Unregulated genes included DHX16, a DEAH (Asp-Glu-AlaHis) box-containing helicase that in zebrafish is a maternal gene important for activation of the embryonic genome. Overall, the changes in transcript abundance observed in embryos produced from ROS-treated sperm seem to reflect the morphological abnormalities observed in these embryos and may explain the incapacity of them to undergo EGA and continued development.
Successful fertilization and subsequent embryo development are clearly dependent on oocyte structure and function. In this study, we produced embryos in a relevant model of human disease from sperm that were representative of the type of sperm damage that may result from sperm processing and environmental exposure to high levels of oxidants. Although we cannot determine the mechanism for developmental arrest in rhesus embryos in this study, we expect that further studies will elucidate the specific points in early development that paternal influences can affect embryo survival by way of oxidative membrane stress, DNA damage, centrosomal abnormalities, and aberrant gene expression.
